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I.  PTBODUCTIOil 

The  kin* tic  thaocy  of  ga***  1*  no  longer  in  It*  Infancy,  having  bacoa* 

already  wonderfully  natured  at  the  hand*  of  Maxwell  and  Boltamann  by  the  year  1880. 

By  the  end  of  the  first  quarter  of  our  century  the  fonsal  theory  of  the  transport 

1  2 

properties  of  gases  at  laoderate  densities  had  been  highly  developed  *  and  by  the 

present  intemolecular  potentials  and  collision  parameters  had  been  employed  in 

extensive  correlations  and  predictions  of  coefficients  of  viscosity,  heat  con- 

2  3  4 

ductivity,  and  diffusion  in  pure  gaaes  and  mixture*.  *  *  Howhere  would  there 
teem  to  be  a  more  satisfying  connection  between  microscopic  behavior  and  the 
macroscopic  properties  of  matter  than  between  the  collisional  processes  of  gas 
sKtlecules  and  the  dynamics  of  gaseous  flows. 

However,  as  it  is  well  known,  these  notable  successes  of  the  kinetic 
theory  occur  in  regions  well  removed  from  the  boundaries;  well  removed  in  terms 
of  the  nuBd»er  of  collisions  among  gas  molecules  ordinarily  occurring  between  the 
point  of  interest  and  the  wall.  Under  other  circumstances,  where  the  gas  is  very 
rarefied  on  a  scale  fixed  by  a  characteristic  length  of  the  body,  the  kinetic 
theory  has  not  produced  satisfactory  descriptions  of  the  smcroscopic  gradients  of 
temperature,  density,  etc.  except  under  severely  limiting  conditions under 
many  circumstances  the  flow  reswiins  virtually  undescribed.  To  be  specific,  while 
the  elesmntary  kinetic  theory  at  the  free  •molecular  flow  limit  is  satisfactory 
and  possesses  utility,  the  theories  of  near  free  molecular  flows  and  transition 
flows  are  notably  incomplete.  Aside  from  considerations  of  formal  limitations 
and  of  approximations  brought  about  by  the  complexity  of  the  problems,  the 
theories  are  incomplete  to  the  extent  that  they  have  not  employed  realistic 
collisions  either  in  the  gas  phase  or  at  the  boundary.  In  very  rarefied  flows 
where  strong  gradients  of  velocity  end  high  particle  energies  are  both  possible 
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it  scenui  eitential  to  consider  the  complete  distribution  of  velocities  end  the 
correct  description  of  the  moleculer  encounters  in  the  ges  phase  if  the  flow  is 
to  be  properly  described.  And  by  the  same  token,  and  this  is  the  principal  con¬ 
cern  of  the  present  paper,  it  seems  essential  to  incorporate  a  realistic  treatment 
of  the  molecular  collision  at  the  wall  in  order  that  the  proper  distribution  of 
velocities  for  the  issuing  siolecules  may  be  prescribed  and  the  proper  transfer  of 
BXMsentum  and  energy  to  the  boundary  obtained. 

Inadequacy  in  this  last  respect  is  not  really  the  fault  of  the  kinetic 
theorist.  He  has  been  forced  to  adopt  the  most  elementary  and  most  convenient 
models  (with  one  notable  exception^)  by  the  absence  of  clear  and  orderly  theories 
of  the  interaction  and  by  the  presence  of  certain  limited  aswunts  of  data  of  real 
value  only  in  low  speed,  low  temperature  applications.  However,  on  the  basis  of 
certain  earlier  work,  now  largely  unknown  to  the  aerodynamic  is  t,  and  on  the  basis 
of  quite  recent  studies,  both  theoretical  and  experimental,  one  can  broaden  the 
most  eleisentary  views  somewhat  and  guess,  as  well,  at  trends  of  behavior  for 
higher  interaction  energies.  It  is  our  task  in  the  present  paper  to  make  this 
review  and  extrapolation. 

II.  EXPERPCHm  OBSERVATIONS 

We  are  concerned  with  the  general  problems  of  SK»mentum  and  energy  trans¬ 
fer  between  the  gas  and  the  surface  where  the  interaction  energies  are  high  and 
where  they  are  low.  However,  attention  is  concentrated  on  those  processes  which 
have  the  snst  direct  influence  on  the  character  of  the  flow  under  free  isolecule 
and  near  free  molecule  conditions. 

The  earliest  clues  as  to  nature  of  molecular  scattering  at  the  surface 

a 

were  obtained  from  experiments  on  the  damping  of  vanes  and  disks  in  rarefied 
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gates  and  In  the  observations  of  the  failure  of  viscous  flow  In  capillaries.  By 
1879  the  sMtter  had  been  successfully  formulated  by  Maxwell  In  terms  of  the 
coefficient  of  momentum  transfer  “f",  or,  as  It  it  now  represented,  "cr".  The 
special  Interpretations  of  1  -  o  as  the  fraction  of  smlecules  specularly  re¬ 
flected  and  9  as  the  fraction  diffusely  reflected  Is  unnecessary,  although 
Maxwell  himself  viewed  the  isatter  In  these  terms.  But  It  should  be  pointed  out 
that  Maiwall's  fonsulatlon  adds  no  new  Insight  into  our  view  of  the  reflected 
particle  flux  except  where  9  Is  found  near  or  equal  to  unity.  By  the  middle 
1920 's  quite  a  number  of  values  of  9  had  been  compiled  for  various  gas-surface 
systems,  mostly  by  Millikan  and  students,^*^^*^^  using  rotating  cylinder  equlp- 
aaents.  These  values  and  those  of  s»re  recent  origin  are  listed  In  Table  I.  An 
Inspection  of  the  table  reveals  iasmdlately  that  a  great  amny  of  the  values  are 
essentially  unity,  giving  strong  support  to  belief  In  the  general  applicability 
of  diffuse  scattering  and  perfect  acconnodatlon  of  tangential  moamntum. 

Analogy  with  the  reasoning  concerning  momentum  transfer  led  Smoluchowskl 
by  1898  to  look  for  and  to  observe  the  "temperature  Jump"  effect,  a  discontinuity 
In  gas  teaq>erature  at  the  gas-surface  Interface.  The  Mgnltude  of  the  temperature 
Jump  Is  determined  by  the  degree  of  adjustment  In  energy  at  the  surface  experienced 
by  ges  mlecules  possessing  the  kinetic  temperature  of  the  gas  a  ssmll  distance 

away.  The  effects  were  formulated  In  terms  of  the  "accomsmdatlon  coefficient" 

12 

by  Knudsen  In  1911,  where  a,  the  energy  accosmndatlon  coefficient,  represents 

the  efficiency  of  energy  transfer  between  a  gas  and  surface.  Since  this  topic  has 

13 

been  carefully  treated  In  a  recent  paper.  It  will  not  be  enlarged  upon  further 
here  beyond  noting  that  a  number  of  values  of  a  are  given  In  Table  II  of  the 
present  paper.  It  Is  luqiortant,  however,  to  notice  that  the  values  of  accomsmda- 
tlon  coefficient  for  energy  are  not  Invariably  close  to  unity,  and  In  fact  for 
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the  lighter  gases  in  clean  systems,  notably  In  recent  times  as  shown  by  the  excel** 

14 

lent  work  of  Wachman,  the  values  approach  very  close  to  zero.  This  point  did 
not  escape  the  notice  of  early  investigators,  with  the  result  that  Baule'^^  as 
early  as  1914  had  proposed  a  rigid  sphere  model  of  energy  transfer,  and  had 
sxiggested  in  terms  of  surface  roughness  how  the  scattering  could  be  diffuse  while 
the  energy  accommodation  remained  slight. 

The  analogy  with  tangential  momenttn  transfer  was  carried  one  step  fur* 
ther  by  Schaaf,^^  who  proposed  a  third  transfer  coefficient  "  o'  ”  representing 
the  efficiency  of  nonaal  momentum  transfer  between  the  gas  and  the  surface.  It 
should  be  clear  that  o,  o'  and  a  could  be  determined  by  integration  over  the 
complete  distribution  function  at  the  surface,  appropriately  weighted,  if  it  were 
known,  and  that  in  general  the  results  would  be  different  for  each  function  chosen. 
Thus  these  parameters  do  not  "characterize"  the  interaction  between  gas  and  surface 
in  general,  but  only  in  the  special  case  fi^f^^^,  which  implies  that 

■  '^ourface^  ’  "surface^  ’"'*•*  «°»'*itions  are  nearly 

achieved  in  the  early  rotating  cylinder  work  of  Millikan,  and  are  deliberately 
sought  in  the  accomsodation  coefficient  experiments. 

The  kinds  of  experimental  work  discussed  to  this  point  are  macroscopic, 

and  the  values  of  the  parameters  have  been  inferred  from  measurements  of  the  flow 

17 

and  the  equations  of  awtion.  However,  in  1911  Dunoyer  produced  an  atomic  beam 

18 

of  Cd,  and  by  1915  R.  W.  Wood  using  the  new  technique  tested  the  cosine  law  of 

19 

reflection  for  Hg  and  Cd  on  glass.  Knudsen  verified  the  law  with  great  precision 

20 

at  about  the  same  time,  using  Hg  on  glass,  and  then  Taylor,  scattering  Li,  K, 
and  Cs  from  cleavage  planes  of  NaCl  and  LiF  crystals  observed  the  angular  distri¬ 
bution  in  scattered  flux  esq>loylng  as  a  tool  the  surface  ionization  detector  which 

4 

bears  his  name.  The  cosine  law  was  obeyed  to  better  than  1  part  in  10  in  these 


systems 
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If  Taylor  or  Knudien  had  iforked  with  Hg  on  NaCl,  quite  another  impression 
of  general  trends  in  scattering  might  have  been  created.  By  the  early  1930 's  the 
molecular  beam  technique  had  been  employed  in  the  wholesale  observation  of  scatter¬ 
ing  and  diffraction  at  crystal  surfaces*  beginning  with  the  classic  observation  of 
21  22 

Knauer  and  Stem  and  of  Estermann  and  Stem  on  the  diffration  of  He  and  H2  at 

the  cleaved  LiF  surface.  The  work  with  which  we  are  particularly  concerned  in 

this  period  is  that  of  Zahl  and  Ellett*  of  Hancox*  of  Zabel*  and  of  others  in  which 

beams  of  Hg*  Cd*  and  noble  gases  were  scattered  from  various  surfaces*  principally 

those  of  cleaved  alkali  halides.  In  Figure  1  we  see  typical  results  of  Zahl  and 
23 

Ellett  for  Hg  on  NaCl*  and  these  are  qualitatively  similar  in  all  respects  to 
the  results  for  Hg  on  KBr  and  XCl.  Note  the  strong  quasi-specular  scattering  at 
all  angles  of  incidence*  but  note  that  the  smxlmum  is  not  directed  along  the  spec¬ 
ular  ray*  but  lies  sosMwhat  closer  to  the  nonsal.  The  difference  in  directions 
becosms  smaller  as  the  angle  of  incidence  is  decreased.  Sosmwhat  mre  detailed 
diagrams*  Figure  2*  show  the  influence  of  separately  varying  the  temperature  of 
beam  and  crystal  surface.  In  these  drawings  the  circles  and  inner  lobes  represent 
the  decomposition  into  a  diffuse  component  and  a  quasi-specular  component  offered 
in  partial  explanation  of  the  curious  shape  of  some  of  the  functions.  From  the 
legend  it  lasy  be  seen  that  four  effects  of  temperature  variation  smy  be  distinguished: 
a)  the  positions  of  the  isaxima  shift  towards  the  specular  ray  with  decrease  in  crystal 
teaq>erature*  and  b)  with  an  increase  in  beam  tes^rature;  c)  the  corrected  quasi- 
specular  lobe  becoows  narrowed  with  decrease  in  crystal  tesq^rature*  while  d)  the 
relative  nuad>er  of  atoms  scattered  randomly  increases.  Zahl  and  Ellett  also 
scattered  randomly  increases.  Zahl  and  Ellett  also  scattered  beaiss  of  Hg  from 
glass  surfaces  and  K  I  crystals  and  observed  completely  diffuse  scattering  from 
each.  The  K  I  crystal  was  handled  in  the  sasw  careful  way  as  the  others. 
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Even  more  striking  examples  of  quasl-specular  scattering  are  given  by 
24 

Hancox,  who  studied  the  scattering  of  Hg  and  Cd  atoms  from  LIF,  LiCl,  and  NaF. 

The  LlCl  crystals  being  very  deliquescent  were  subject  to  the  most  careful  handling, 

being  cleaved  In  a  dry  box  and  always  kept  from  the  laboratory  air,  then  puoiped 

down  and  degassed.  Later  contamination  by  laboratory  air  resulted  In  diffuse 

scattering,  although  the  surface  could  In  large  measure  be  restored  by  degassing 

for  1  hour  or  so  at  400*  C*  Typical  results  for  LIF  are  Illustrated  In  Figure  3, 

and  It  may  be  seen  that  the  qualitative  behavior  is  very  similar  to  that  observed 

by  Ellett  and  Zahl.  Hancox  also  worked  with  K  I  and  found  quasi-specular 

reflection  from  this  crystal  as  well.  The  crystal  could  be  reversibly  restored 

to  maximum  reflectivity  by  degassing  after  exposure  to  dry  laboratory  air,  but 

was  permanently  damaged  by  exposure  to  damp  air. 

A  comparison  of  reflection  data  is  made  in  Figure  4  for  the  gases  He, 

He,  A  and  Hg  and  Cd,  all  on  NaCl.  The  noble  gas  data  were  supplied  to  Hancox  by 
25 

Zabel.  Note  that  the  He  lobe  is  remarkably  sharp  except  for  the  unresolved 
diffraction  maximum  and  that  the  lobe  maximum  lies  along  the  specular  ray. 

It  is  interesting  to  compare  these  findings  with  the  much  more  recent 

26  27 

work  of  the  author  and  the  even  more  recent  results  of  Date,  Noore  and  Taylor 

28 

and  of  Smith  and  Fite.  Figure  5  illustrates  typical  results  of  the  author  for 
argon  on  LiF  and  on  liquid  gallium.  In  both  cases  the  surfaces  were  initially 
degassed  only  at  slightly  elevated  temperatures,  »  50*  C.  Prolonged  degassing 
later  produced  a  steady  deterioration  of  the  quasi-specular  signal,  presumably 
due  to  the  breakdown  of  organic  vapors  at  the  surface.  Even  in  the  case  of  the 
gallium  surface,  which  was  noticeably  filmed  over  in  patches,  the  patterns  are 
qualitatively  similar  in  all  respects  to  those  of  the  earlier  authors.  Some 
care  was  taken  with  the  angular  resolution  of  the  detector  in  these  experismnts. 


7 


and  one  can  see  the  diffuse  conponent  near  the  Incident  direction  very  clearly 
defined. 

A  portion  of  Data's  results  are  reproduced  in  Figure  6,  which  shows 
the  scattering  of  helium  atoms  at  source  temperatures  to  **  1900*  C  from  surfaces 
of  platinum  in  the  teo^perature  range  50  to  1200  *C.  The  striking  feature  of 
these  tests  is  the  reversible  transition  from  quasi-specular  to  entirely  diffuse 
scattering  upon  passage  of  a  broad  threshold  in  surface  temperature  in  the 
region  100  to  200  *C.  Hie  transition  seems  connected  with  the  adsorption  of 
oxygen,  the  conditions  for  monolayer  formation  (or  desorption)  being  energeti¬ 
cally  correct  in  this  neighborhood  of  temperature.  Once  again  the  lobe  maxiisum 
is  shifted  to«mrd  the  specular  ray  at  high  beam  temperatures  and  in  the  direction 
of  the  surface  normal  at  low  beam  temperatures. 

Similar,  but  more  cooqplex  observations  were  made  by  Smith  and  Fite  on 
the  scattering  of  H2  and  A  from  Ml  surfaces.  It  was  found  that  certain  specimens 
bearing  a  trace  of  carbon  produced  marked  specular  maxima  after  bakeout  to  600*  C 
in  the  presence  of  H2.  The  specular  maxima.  Figure  7,  were  observed  only  in  the 
surface  temperature  range  200  to  800  *C.  At  lower  temperatures  the  surface  was 
presuawd  to  be  obscured  by  condensed  gases  but  the  return  to  diffuse  scattering 
at  teiqmratures  higher  than  800  -  1000  *C  is  not  yet  understood.  It  should  be 
noted  that  six  minutes  or  so  were  required  after  the  surface  teaq>erature  was 
reduced  from  >  800*  C  to  650*  C  before  specular  reflecting  conditions  again 
were  evidenced.  The  Fite  apparatus  as  a  portion  of  the  detector  incorporates 
an  electron-bombardment  ionizer  which  permits,  because  of  the  dependence  of  the 
probability  of  ionization  of  a  particle  on  the  duration  of  its  flight  through 
the  detector,  a  crude  estiomte  of  the  adjustment  in  energy  experienced  by  the 
particle  at  the  surface.  It  is  found  that  the  portion  of  the  reflected  beam 
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near  the  naxlnum  of  the  quasi-specular  lobe  suffered  alsiost  no  energy  adjustisent 
while  portions  in  direction  more  nearly  corresponding  to  the  surface  normal 
suffered  much  more  complete  adjustment.  This  observation  is  supported  by  similar 
observations  of  Data.  The  direction  of  the  reflected  maximum  was  shifted  toward 
the  specular  ray  upon  an  increase  of  beam  temperature  as  in  the  other  studies. 

Much  more  precise  studies  of  velocity  distributions  in  reflected  beams 
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have  been  made  by  Marcus  and  McFee,  but  only  for  potassium,  and  not  as  a 
function  of  the  angular  parameters.  In  Figure  8  we  see  an  example  of  the  beautiful 
results  obtained  by  these  investigators.  The  results  may  be  sumsarized  very  briefly 
as  follows:  in  every  case  beams  of  potassium  reflected  from  tungsten  or  other 
Mtallic  targets  exhibited  a  velocity  spectrum  characteristic  of  the  temperature 
of  the  target  to  target  teisperatures  of  2135*  K  irrespective  of  the  parent  beam 
temperature  in  the  range  ~  400  to  700  *K.  The  observations  were  made  by  swans  of 
a  slotted  wheel  velocity  selector  and  Thylor  detector.  Reflection  from  LiF  gave 
results  indicating  a  partial  adjustment  of  the  energy  of  the  K  atoiss  to  that  of 
the  surface  in  contradiction  to  expectation  from  the  work  of  Taylor.  The  results 
of  Marcus  and  McFee  will  be  considered  again  shortly;  for  the  present  we  note 
that  the  coefficient  of  energy  acconmwdation  would  appear  to  be  unity  in  the 
present  range  of  beam  energies  and  surface  teisperatures  for  all  cases  of  swtallic 
surfaces  in  interaction  with  potassium  atosis. 

One  further  reference  to  experimental  work  should  be  introduced  at  this 
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tisw,  the  normal  momentum  transfer  studies  of  Stickney.  In  these  studies  beasw 
of  noble  gases  and  of  M2,  CO2  and  H2  were  directed  against  surfaces  of  W,  Ft,  and 
Al  in  a  torsion  balance  apparatus  and  the  coefficient  of  norswl  swswntum  transfer 
for  gas  particles  at  normal  incidence  determined.  The  surfaces  were  heated  at 
various  temperatures  to  600*  C.  The  results  awy  be  summarized  as  follows:  the 
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transfer  of  nomal  nomentuB  at  noiaal  Incidence  la  about  equally  coeqplete  for 
argon  and  nitrogen,  aore  conplete  for  C02»  and  leas  complete  for  He,  H2  and  He, 
in  that  order.  If  cosine  reflection  ia  assumad  these  results  can  be  related 
to  acconaudation  coefficients  for  translational  energy  and  the  values  in  the 
case  of  the  ttingsten  surface  are: 


S££ 

He 

0.55 

»2 

0.60 

Ne 

0.70 

**2 

1 

e 

0 

No  difference  in  behavior  aisong  the  three  materials  tested  was  observed, 
suggesting  that  surface  contamination  played  a  major  role  in  these  measure¬ 
ments. 

III.  DISCUSSION 

In  the  foregoing  we  have  seen  a  representative  selection  of  experi- 

swntal  results  where  velocity  spectra  or  angular  distributions  in  flux  have 

been  omasured  directly.  In  addition,  certain  isacroscopic  experiawnts  have  been 

smntioned  where  the  interaction  coefficients  are  more  or  less  directly  found 

but  details  of  interaction  are  determined,  if  at  all,  b>  inference.  By  Itself 

a  single  observation  of  a  scattering  distribution  or  velocity  spectrum  does 

not  constitute  a  determination  of  the  macroscopic  interaction  parasmter. 

Observations  over  a  sufficient  nuid>er  of  incident  angles  must  be  aside  so  that 

the  results  may  be  averaged  with  respect  to  a  weighting  function.  The  procedure 
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has  been  indicated  in  detail  by  the  author  for  the  case  of  N2  on  glass  and  for 
32 

A  on  gallium.  In  order  to  avoid  confusion  on  this  point  it  is  strongly 
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reconnended  thtt  coefficients  estimted  from  isolated  observations  be  designated 
as  partial. 

Perhaps  the  siost  striking  limitation  of  the  data  in  the  foregoing 
resume*  from  the  contemporary  view  is  the  absence  of  any  information  at  all 
for  particle  energies  exceeding  **0.2  ev.  It  is  true  that  there  exist  a  number 
of  neutral  particle  and  ion  beam  stiidies  of  secondary  electron  production  and 
of  sputtering  at  surfaces,  but  the  work  has  been  done  at  energies  beyond  the 
range  of  interest  for  this  paper,  and  there  exist  orbital  decay  data  for  the 
range  of  particle  energies  4  ev  to  16  ev  relative  to  the  surface.  These  latter 
data  are  unin terpre table  in  tenss  of  the  collision  processes.  It  is  hoped  and 
expected  that  this  deficiency  will  in  part  be  corrected  within  the  next  few 
years,  and  it  may  be  guessed  that  the  several  experiisenters  who  are  currently 
preparing  instrusMnts  for  an  attack  on  these  problesM  share  this  hope.  But 
for  the  present  there  are  only  the  indications  from  experia^nts  of  ordinary 

thermal  order  cited  here,  together  with  a  very  modest  amount  of  theory. 
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In  a  paper  on  the  deposition  of  atomic  beasm  Wexler  attempts  to 
correlate  the  sticking  coefficients  of  atomic  beaiss  on  the  basis  of  the  depth 
of  the  potential  well  for  adsorption.  The  attesqpt  is  not  entirely  satisfactory 
because  of  the  unappraisable  influence  of  the  condition  of  the  surface  in  the 
many  experiments.  Nevertheless,  the  suggestion  is  a  good  one,  and  appears 
prominently  in  what  follows.  Host  adsorption  work  is  done  under  conditions 
of  thermodynamic  equilibrium  and  the  results  are  expressed  in  terms  of  adsorption 
potentials  and  sitting  tioms  which  apply  under  those  conditions.  Even  now  there 
are  no  adequate  dynamical  theories  of  adsorption  which  fact,  perhapa,  led  Wexler 
to  overlook  the  two  other  very  ia^rtant  eleamnts  of  the  adsorption  process,  the 
incident  particle  enerav  and  the  dynamical  properties  of  the  lattice. 
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Ordinary  surface  roughness  can  be  counted  upon  to  Influence  the  distri¬ 
butions  of  scattered  particles  in  the  direction  of  diffuse  scattering,  but  since 
the  tfork  of  Datz  and  of  Smith  and  Fite  it  is  no  longer  clear  what  surfaces  are 
rough  and  under  what  conditions.  In  any  case,  the  Individual  molecular  encounter 
takes  place  at  an  element  of  the  surface  lattice  which  may  be  bare,  or  it  may  be 
covered  in  varying  degree  with  physically  or  chemisorbed  particles  of  the  incident 
species  or  of  contaminants.  The  exchanges  of  arnisentum  and  energy  with  which  we 
are  concerned  are  not  separate  processes,  but  are  somewhat  different  manifesta¬ 
tions  of  a  single  event  or  a  discrete  chain  of  events  in  which  velocities  are 
changed  in  directions  and  magnitudes,  and  energy  is  dissipated  in  notion  of  the 
lattice. 

The  Interaction  occurs  in  the  presence  of  surface  attractive  forces  and 
involves  a  response  in  the  motion  of  the  incident  particle  to  the  presence  of  the 
nearest  members  of  the  lattice  or  adsorbed  species  in  all  phases  of  the  inter¬ 
action.  Limitations  of  early  quantun  theoretical  approaches  were  discussed  by 
34 

Zwanzig  in  1960.  He  points  out  that  the  single  quantum  limitation  imposed  in 
this  work  cannot  apply  in  an  interaction  involving  a  high  energy  particle.  Experi¬ 
mental  work  on  the  deposition  of  atomic  beasm  is  cited  to  substantiate  the  claim. 
Zwanzig  investigates  a  one -dimensional  model  of  the  surface  in  which  the  masses 
are  linked  classical  oscillators  and  the  incident  particle  Is^lnges  head-on  at 
the  end  of  Che  chain,  where  it  experiences  a  truncated  harsmnic  oscillator  poten¬ 
tial.  This  simplified  classical  picture  cannot  be  expected  to  be  quantitatively 
correct,  but  it  permits  large  transient  deformations  of  the  lattice  of  the  sort 
that  occur  in  collisions,  and  through  which  large  amounts  of  energy  may  be  trans¬ 
ferred  from  the  gas  to  the  solid. 
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The  use  of  clssslesl  collision  theory  in  first  spproximstion  et  nomsl 
tesiperatures  Instead  of  quantum  theory  has  been  Justified  many  times,  for  example 
by  Zwanzig  above.  If  the  molecular  wave  length  is  small  compared  with  distances 
within  which  the  scattering  potential  varies  appreciably,  then  it  can  be  shown 
that  the  scattering  follows  approximately  the  classical  laws.  The  general  formula 
for  molecules  of  molecular  weight  m  and  having  energy  corresponding  to  kinetic 
tesiperature  T  is  \  ^  in  which  m  is  the  mass  of  a 

smlecule  with  M  ■  1,  h  is  Planck's  constant,  and  T  is  the  mean  velocity. 

At  15*  C  A  for  H2  is  1.136  x  10*^  cm,  for  H2  X  is  0.3048  x  lO'^  cm,  and  for 

A 

Hg  A  is  0.1139  X  10“°  cm.  Thus  diffraction  effects  in  the  scattering  of  He  and 

21  22  25 

H2  were  predicted  and  observed  *  and  Zabel  observed  very  weak  diffraction 
effects  in  the  case  of  Me.  In  this  connection  the  viscosity  of  H2  and  He  exhibits 

quantum  effects  up  to  about  room  temperature,  but  at  higher  temperatures  may  be 
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discussed  in  classical  terms.  On  the  other  hand,  the  observations  of  Ellett 

and  Zahl  and  others  using  Hg  and  Cd  were  quite  unexpected  and  remain  undiscussed. 

36 

In  more  recent  tiaies  Goodman  has  considered  the  trapping  of  gas  par* 
tides  at  siisple  cubic  lattices.  Only  impact  norsml  to  the  surface  and  head-on 
at  the  end  of  an  atom  chain  is  considered  so  that  the  other  atoms  feel  the  force 
of  interaction  indirectly.  Although  highly  idealized,  the  3-dlmensional  lattice 
possesses  advantages  over  the  1-dimenslonal  in  that  it  affords  more  realistic 
rigidity  and  permits  calculation  with  H  >  1,  where  |i  is  the  ratio  of  the 
incident  particle  mass  to  that  of  the  lattice  atom.  The  "trapping"  s»del  inter¬ 
action  potential  adopted  by  GoodsMin,  Figure  9,  involves  a  step  potential  well 
of  depth  D  and  a  linear  repulsive  potential  of  slope  F  which  is  encountered 
at  the  bottom  of  the  potential  well.  The  3-dlaiensional  lattice  will  completely 
restore  itself  after  any  collision  in  contrast  to  the  one-dismnslonal  lattloe. 
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No  convenient  fonnulee  result  for  the  threshold  of  trapping  nor  for  the  energy 
sccomBodstlon  coefficient.  However,  values  of  this  coefficient  have  been  cal¬ 
culated  In  the  range  100  to  300*  K  for  He,  Ne,  A,  Kr,  and  Xe  on  a  clean  tungsten 
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surface  and  cooipared  with  values  of  Thomas  and  Schofield.  These  partial  values 
of  aceonmodation  coefficient  are  very  much  larger  in  each  case  than  those  of  the 
experlsMntal  results.  However,  recall  that  the  experimental  results  are  derived 
from  a  condition  In  which  all  Incident  angles  are  possible.  At  oblique  Incidence 
It  seesM  physically  plausible  that  conditions  are  less  favorable  for  the  transfer 
of  energy  than  In  the  head-on  collision  of  the  Goodman  theory.  The  theory  shows 
the  following  things,  a)  particles  with  Insufficient  Initial  kinetic  energy 
(somewhat  less  than  D)  may  be  come  trapped  and  hence  adsorbed,  b)  particles  with 
sufficient  Initial  kinetic  energy  escape  the  surface  adsorptive  potential  and 
reflect,  having  lost  some  energy  to  the  lattice,  c)  qualitatively  correct 
dependence  on  particle  masses,  adsorption  energies  and  lattice  potentials  Is 
exhibited.  It  appears  that  continued  Investigations  along  similar  lines  should 
bring  qusntltatlvely  useful  results. 

Som?  evidence  that  the  lattice  continues  to  behave  along  lines  suggested 
above  even  to  Incident  particle  energies  of  several  volts  Is  supplied  by  an  obser¬ 
vation  concerning  the  reflection  of  potassium  particles  from  platinum  surfaces. 
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Stein  and  Hurlbut  noted  In  connection  with  studies  of  the  sputtering  of  potassium 
using  a  Taylor  detector  that  a  fraction  of  the  potassium  atoms  entering  the  detector 
reflected  as  ions  even  when  the  platinum  filament  of  the  detector  %ias  cold.  Many 
subsequent  tests  have  supported  the  hypothesis  that  those  sputtered  atoms  having 
energies  In  excess  of  a  ceruln  amount,  perhaps  3  to  5  ev,  escape  the  adsorption 
potential,  and  so  reflect  without  condensation.  The  adsorption  energy  for  K  on 
W  Is  2.5  ev,  or  ->  59  kilo  calories  per  sole.  ExperlsMnts  of  higher  precision  are 
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now  in  progress.  At  somewhst  higher  incident  energies  the  lattice  would  be 
severely  distorted,  and  at  perhaps  30  ev  the  distortions  would  be  so  severe  as 
to  permit  the  sputtering  or  impact  ejection  of  platinum  particles. 

It  would  seem  from  the  foregoing  that  virtually  all  of  the  observations 
of  scattering  herein  discussed  can  be  understood  in  terms  of  a  single  dynamical 
iBodel  of  the  lattice  in  interaction  with  a  spherically  symmetric  gas  particle. 

The  calculative  problem  for  oblique  incidence  is  truly  formidable  if  it  is  to 
be  carried  out  with  realistic  interaction  potentials.  Consider  Figure  10,  which 
shows  an  obliquely  incident  gas  particle  impinging  on  a  close  packed  array  of 
lattice  atOBis.  The  circles  do  not  indicate  rigid  spheres,  but  rather  spheres  of 
influence  corresponding  to  the  conventional  molecular  diaamter.  The  trajectory 
is  shown  as  it  would  appear  in  the  center  of  nmss  system  or  in  the  coordinate 
system  of  a  fixed  scattering  center.  The  laboratory  system  is  nearly  identical 
with  both  because  of  the  great  rigidity  of  the  lattice.  However,  the  struck 
atom  is  slightly  displaced  into  the  lattice,  causing  the  deflection  angle  X 
to  be  smaller  than  shown.  On  the  basis  of  this  diagram  one  might  anticipate 
a  lobe  position  soisewhat  closer  to  the  surface  than  the  specular  ray.  The  fact 
that  this  is  not  the  case,  except  possibly  (reported  by  Hancox  in  contradistinction 
to  Ellett  and  Zahl)  at  angles  of  incidence  very  close  to  the  normal,  must  be 
attributable  to  the  increased  likelihood  of  a  second  blow  upon  an  undisplaced 
smmber  of  the  lattice.  At  higher  incident  energies  the  first  stnick  particle 
suffers  a  negligibly  greater  displacement  because  of  the  rapidly  rising  rigidity 
of  the  lattice.  A  greater  fraction  of  the  momentias  of  the  initial  particle 
remains  following  this  impact  and  is  available  to  displace  the  second  struck 
particle.  The  observed  change  in  the  position  of  the  quasi-specular  lobe  is 
the  natural  consequence  of  increased  displacesmnt  of  the  second  particle. 
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Phyaltorbad  and  chanlaorbad  apaelaa  nodlfy  tha  abova  picture  by 
roughening  the  aurfaee  on  a  enlecular  acala  or  by  dletortlng  the  subatrate.  The 
Influence  of  thaae  effecte  haa  been  noted  by  the  inveetlgatora  of  the  praaent 
resuae'  with  varying  degreea  of  preclalon,  but  only  In  the  work  of  Thoaae»  Wachaan 
and  othera  of  the  Mlaaourl  group  haa  the  deliberate  and  preclae  control  of  the 
aurfaee  contaalnatlon  level  been  a  portion  of  the  prlaary  effort. 

It  ahould  be  evident  that  the  above  dieeuaalon  applies  oost  accurately 
for  attractive  potentials  small  by  comparison  with  the  residual  incident  particle 
energy.  Another  condition,  and  one  which  nay  be  frequently  smt  at  clean  metallic 
surfaces,  obtains  when  the  attractive  potential  Is  high  by  coeqparlson  with  the 
Initial  kinetic  energy.  Trapping  Is  almost  Inevitable  and  the  trapped  particles 
either  remain  or  re-evaporate,  depending  upon  the  surface  temperature.  The  re¬ 
evaporated  (scattered)  particles  will  be  distributed  In  space  according  to  the 
cosine  law. 

A  third  and  s»re  complex  regime  nay  be  defined  for  the  condition  that 
the  Initial  kinetic  energy  and  the  relevant  energies  of  chemical  binding  are  of 
the  same  order.  In  this  situation  the  lattice  will  be  severely  distorted  at 
each  impact  and  weakly  bound  adsorbed  species  will  be  desorbed  by  collision. 

At  sufficiently  high  energies  one  will  see  the  onset  of  sputtering. 

It  should  be  clear  from  available  experiment  and  theory  that  below  a 
certain  energy  level,  undetermined  but  of  the  order  of  several  electron  volte, 
two  factors  create  a  tendency  for  diffuse  scattering  and  efficient  energy  ex¬ 
change.  These  are  surface  roughness,  caused  by  gas  adsorption  and  by  substrate 
roughness,  and  adsorption  potentials  which  attract  and  may  trap  the  Incident 
atom.  At  ordinary  teaperatures  the  latter  play  an  important  and  perhaps  dominant 
role;  under  conditions  of  very  high  Incident  particle  energy  the  Importance  of 
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attractive  forcaa  laust  be  diminiahed.  The  response  of  the  contaalnated  surface 
to  the  hyperveloclty  gas  particle  reaains  unexplored.  The  exaainations  of  the 
■any  fundaaental  problems  of  surface  physics  associated  with  this  general  question 
should  provide  a  challenge  to  investigators  for  sobm  tiaw  to  cosw,  but  the  impll* 
cations  of  what  is  already  known  should  lead  to  renewed  study  of  the  problems  of 
the  boundary  in  the  kinetic  theory  of  highly  rarefied  gases. 
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TABLE  I 


GAS 

SURFACE 

air 

machined  braaa 

CO, 

machined  braaa 

air 

old  ahellac 

COj 

old  ahellac 

air 

Hg 

air 

oil 

CO, 

oil 

oil 

air 

glass 

He 

oil 

air 

fresh  shellac 

air 

AgjO 

He 

AgjO 

«2 

AgjO 

AgjO 

air 

oil  on  machined 

glass 

A 

gallium 

A 

oil  vapor  on  Al 

air 

oil  vapor  on  Al 

0  REFEREMCE 


1.00 

9 

1.00 

9 

1.00 

9 

1.00 

9 

1.00 

9 

0.90 

9 

0.92 

9 

0.93 

9 

0.89 

9 

0.87 

9 

0.79 

9 

0.98 

10 

1.00 

10 

1.00 

10 

0.99 

10 

aluminum  0.90 

39 

0.93  -  0.97 

31 

0.75 

32 

0.60  -  0.90 

40 

0.60  -  0.90 

41 
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TABLE  II 

THERMAL  ACCtttiODATION  COEFFICIEWTS 


GAS 

SURFACE 

a 

REFERENCE 

H- 

Ft,  Bright 

0.32 

42 

"2 

Ft,  Black 

0.74 

42 

O2 

Ft,  Bright 

0.81 

42 

O2 

Ft,  Black 

0.83 

42 

N. 

Ft 

0.50 

43 

«2 

W 

0.35 

43 

Air 

Flat  lacquer  on  Bronze 

0.88  -  0.89 

44 

Air 

Folished  Bronze 

0.91  -  0.94 

44 

Air 

Machined  Bronze 

0.89  -  0.93 

44 

Air 

Etched  Bronze 

0.93  -  0.95 

44 

Air 

Folished  Cast  Iron 

0.87  -  0.93 

44 

Air 

Machined  Cast  Iron 

0.87  -  0.88 

44 

Air 

Etched  Cast  Iron 

0.87  -  0.96 

44 

Air 

Folished  Aluminum 

0.87  -  0.95 

44 

Air 

Machined  Aluminum 

0.95  -  0.97 

44 

Air 

Etched  Aluminum 

0.89  -  0.97 

44 

He 

H 

0.025  -  0.057 

45 

He 

Ni,  Not  Flashed 

0.20 

45 

He 

Ni,  Flashed 

0.085 

45 

He 

W,  Flashed 

0.17 

46 

He 

W,  Flashed 

0.12 

43 

He 

W,  Not  Flashed 

0.53 

46 

A 

W,  Flashed 

0.82 

46 

A 

H,  Flashed 

0.46 

46 

A 

W,  Not  Flashed 

Contemporary  Work 

1.00 

46 

He 

H2  adsorbed  on  W 

0.041 

14 

He 

N.  adsorbed  on  H 

0.064 

14 

He 

H,  clean  system 

0.02 

14 

A 

A1  coated  W 

0.465 

47 

A 

W,  clean  system 

0.397 

47 

Ne 

W,  clean 

0.08 

48 

Ne 

Ft 

0.296 

48 

NOTE 


The  table  Is  not  exhaustive,  and  in  particular,  does  not 
contain  many  of  the  values  or  ranges  of  Reference  13. 
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FIG.  2.  SCATTERING  OF  Hg  AT  THE  NaCI  SURFACE  -- 

DEPENDENCE  ON  BEAM  AND  SURFACE  TEMPERATURES 

a)  A,  Beam  I7D®C,  Crystal  350®  C  c)  A,  Beam  50Cf  C,  Crystal  5(f  C 

B,  Beam  I70"C,  Crystal  50®C  Bi  Beam  1 70® C,  Crystal  50®C 

b)  A,  Beam  SOCTc,  Crystal  35(f  C  d)  A,  Beam  500®  C,  Crystal  350® C 

Bi  Beam  SOCf  C,  Crystal  5Cf  C  B,  Beam  170®  C,  Crystal  350*  C 


FIG.  3.  SCATTERING  OF  Hg  FROM  LiCI  (Hancox) 


FIG.  4.  SCATTERING  OF  VARIOUS  GASES  FROM  NaCI  (Hancox,  Zabel) 
(a)  He;  (b)  Ne;  (c)  A;  (d)  Hg;  (e)Cd. 
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FIG. 6.  SCATTERING  OF  He  FROM  Pt  (Datz) 
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FIG.  7.  SCATTERING  OF  H,  FROM  W  (Smith  and  Fite) 
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FIG.  a  PHASE  SHIFT  (VELXX:iTY)  SPECTRUM  FOR  K  BEAM  (530*K) 

FROM  W  REFLECTOR  AT  2135*  K  (Marcus  and  McFee) 


U(r) 


U-O 


TRUNCATED  HARMONIC  OSCILLATOR  POTENTIAL 

( Zwanzig ) 


TRAPPING  POTENTIALS  FOR  INTERACTION  OF  A  HOT 
GAS  ATOM  WITH  A  COLD  SURFACE 

FIG.  9. 


INITIAL  PATH  OF  PARTICLE 


COLLISION  OF  A  GAS  ATOM  WITH  A  SOLID  SURFACE 

FIG.  10. 
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Cbp*laii  lH-|iari«i'iii 
P*  Incrl.m  t■n|valail' 

PilMatnn,  Nao  Jatbi-  (I) 


III.  ailtiui  KaniriMlii,  I'lrailor 
vVCP'lvarati  Mi'taa>i><  Idh-'taCAf* 

)»'  'avair  baatb  HarnM- 

Fvaraii  Ay,  Na»M( ‘n.ai-i > >  (I) 

Pmlakai-t  1)110  lapnrii 
Unlvaidi-  It  NU’tdan 
in-  ai<  .  iirpai  ina-.i 

.IK-  nilvu,  MuMnai  (1) 

P.‘ilraii>r  H.  Llnpdann 
I'aftaitaaii  >«  .vi.<na  ite* 

(Alll-'rniA  invllluir  ol  Trihivil.), 

Yaiadana  v,  lalil.iinia  (i) 

f-oliavt  C.  .  '.  u.dl  n-l 
Iv  |iaiiar"i  v  tb  i<ar  u  • 

C-r.p,  II  p  ivrttit- 

Itivata,  I.PV  v.-rk  II) 

» iai  I  I'M-  Pin  III  1 

baii.»ial  fturaa.i  v(  Mandatiia 

•aabtnaiofi,  is,  c.  (I) 

fti.  F.  I.  Hnora,  Diraiioi 
AI  r  >•'.<  irncai  Plvtalon 
rarnall  Aainnam  leal  Uintiainr  ,  im. 
r.  t».  )!' 

lullatn  )l.  N.1>  Vtk  (D 

fti  ftniia  Kaa»"i 

VIDVA,  tniiipn'Ai.'i 

)«}>•  Han.<vir  Strari 

ral-v  ilto,  raid  i>  la  D) 

Ptnlaaim  F.  t.  ’:ailai 
Ciaduata  M-l  ■(  leal 

Cnatnaarlii); 

Conirll  Univrr  alt . 

Ilbaca,  Nt«  V'^rk 

Dt.  S.  A.  S'  )«al 
Unlwralty  •>!  Caltfnmia 
ftapartatnl  of  Innintaitna 
ftrrkvlav,  lailinrnia  (|) 

Pm'aaaar  a.  N.  knapim 
baptrtaani  »(  HrcNanlcal  Fn(trraarli« 
■Naaacbvtiiii  intiituia  -.t  ^rbwiLif, 

l^a^rldpa  )a,  HaaiarYuafita  (I) 

Proiatroi  P.  SlwtiMn 

Aaronauilcal  Cnttnaarlnt  ftapsraaani 

Univatall)  n(  HU  >lMn 

Ann  A. bar,  HIchlian  ()) 

Prairtaar  K.  itanartton 
ftaparnant  oi  Wtkawiu* 

Vnlaaralty  at  ftwrlw 
ftltnaa  Ubaratarlta 
*MIK  Badd 

Niridd,  Inoland  dj 

Prnltaaar  0.  H.  INalMr 

ftaaaartb  Prafaaaar 
Ha*  Haalta  Ttata  Vnlvariliy 
■abaarab  Cantar,  Bm  FH 
Dnlaaraity  Park.  Ha*  INNUa  (I) 

Prafaaaar  a.  B.  Ar«na 
WpaiMtnt  of  Phytict 
Aabarii  VnlvarBlty 

Adborat,  Waaaaiwdatii  (D 


(I) 


Ciad'  dll  "  m.,  .1  ,  T..,,a„i  I  ,1 

I'N  JKl  I  •  |ll| 
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Plairr  Hall 
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I'an'.rldai  V.,  Htkvai '1  III  1 1  ■>  <l| 

r"ilri|.-i  L.  eOdl'vi) 

vaab-ldca  M,  NatiAim n  iia  (D 

Di.  r  ad  t  ft-ipplp 
"ft  Caidai-  '<(  laat 

Cadbtldpa  M,  IMkMt'-uii-i  la  III 

fta.  T  Pa»l  T'lAa,  Pirariot 

i.'dk'-.i  iaaiatc*'  Fn  -ndat  Ion 

ig  .rti  JSIA  Iraai 

CnU4„n  II.,  llltimlA  <ll 

iSnr-I  I.ir  .ppMrd  Hulianiilra 
Indiana  llnlvmit' 

Blun*|ifi£.ih,  iM'tann  (I) 

Prnlaikni  t.  Il  (.Uoarr 
PaN'lntnl  •>  A.  rnnautira 
J  bn«  fl-pklnB  ilrlvrifll 

BaltlMirr  in,  Hat'  land  <11 

Pralriaei  >.  J.  tarlrk 
baftartnan*  •  I  Pin  alia 
l•klll^  UiMvarall 

Bptblabaai,  ppmislvanla  (1) 

Pralrklnr  John  a,  Narkhata 

R-nib  ))-in; 

ftaparraant  nf  AaratiAuilti  and 
Aatronduitaa 

WafacDuaalla  imiliura  nl  fbrlinalo«- 

CaWrtdoa,  Wkaatbuaatta  (1) 

Praftaaor  I.  wdnr 

Wtaachnaaitf  Tnailiuta  o(  Tatbnalnty 
CftWtidobr  WataciMMtia  (I) 

Prafaaaar  Oaoroa  A.  Brawn 
Wbatabudatia  Inailivia  of  Ibtinalady 
)>lbk 

ff  wmah*aatt>  Avtn*# 

Cddbrldta  M,  WMaclwadlit  (t) 

Ptaltftdar  N.  C.  Wital 
BWftrtdMt  of  CMdtaal  Caotnaarlw 
Waaa«h*datia  tnaaltvta  af  Tktbnalagy 
CMbrldBa  It.  INad**ft**aita  (i) 

PrbfaMdr  C.  C.  Un 
BafdaiWNa  at  MtlawtUd 
WddBthwtata  tndillata  ft  IbcNnalogy 
CwbaMia  It,  WttfttftfBkttk  (I) 

BapaaiWNt  af  HmImImI  twlnaialin 
wtaaiftakatti  tBdtltnia  af  tbaknolofy 
CdWttdBt  It,  Wiatalfdatta  (1) 


Blvltidn  al  ApBtfbd  WlkMHtlta 
Brww  Balforilty 
Prwrltbfict  II,  MiMa  tbiand 


OM  DunutmoK  ui? 


PAfii  r 


Prettitot  I.  >t4«rMn 
PNyiU*  Bcptrtatni 
Nw  York  Ontvareity 
Univartlcy  Itlthta 
Hm  V*rk  5],  Raw  Yofh 


AaraaautteRl  MlMcaa  l«fe*ratary 
tfnlwarakky  al  CaUfaraU 
RIcImaR  rtaM  lUtlM 
IMl  Sauth  4*ik  ttraac 

{{)  IUkaaii«»  CallfatAU  <1) 


Prafaaaar  J.  J.  Itahar 
iMtltvta  af  NitlMMtlca)  latanaai 
*  MaaklnRtaa  Placa 

Ra«  Yark  3,  Raw  Yark  (I) 

Prolaaaar  J.  P.  bu41at( 

OuM«n>MU  lehaal  af  AaraMutUa 

Ra«  Yark  Unlvarafty 

Raw  York  S3,  Raw  York  (1) 

Prafaaaar  Alt  tulant  Cadkal 
DaNrlaaat  af  Naahaateal  Infiiiaarini 
Rarthwaatam  Univaratty 
Ivanaton.  IllinaU  (1) 

Dr.  Laran  I.  RalllARar 
Tka  Okla  Suta  Univaratty 
laekat  Raaaarch  Ukaratary 
2340  Olanunfy  ftlvar  laaO 


Caliabua  10,  Okla  (|) 

Prafaaaar  1.  Q.  Stanar 
OfHrtaanc  af  phyaUa  (OaaMU) 
Pannaylwanla  Suta  Univaratty 
Univaratty  Park,  NnnaylvanU  (I) 

Prafaaaar  u.  0,  Rayaa 

Pnrraaul  Raaaarch  Centar 

Prtneatan,  Raw  Jaraay  (1) 

Prafaaaar  S.  laRAanoff 

OaRartaani  af  AaranautUal  SriRlnaarlni 

PrlMatan  Univaratty 

Prtneatan,  Raw  Jaraay  (t) 

Prafaaaar  L.  Spllur,  Jr. 

Prtneatan  Univaratty  Ofeaarvatary 
Prtneatan,  Raw  Jaraay  (1) 

Prafaaaar  J,  Paa 

I^P*rtannt  af  Aaranautteal  li^tnaartnA 
Unaaalaar  Palytaelwiie  Inatltuta 
Tray,  Raw  Yark  (t) 


Or.  C.  Caak 

SuntarU  Raaaarch  tnaticuta 

Nanla  Nrk,  Califarnla  (t> 

Prafaaaar  0.  Cllbari 
ARRltaU  HachaaatUc  an4  Suttattee 
Ubaraury 
SunfarA  Univaratty 
SunfarR,  Califarnla  (1) 

^*P*'t**Bt  af  Aaranautteal  RnRlnaarlna 

Stanfara  Univaratty 

lunfara,  CaltfarnU  (I) 

Prafaaaar  0.  larateaar 

OtRarcaant  af  Aaranautteal  li«tMari<« 

SuntarU  Univaratty 

Stanfara,  Caltfamia  (I) 


Prafaaaar  Allan  ChaRHiw.  CRtirmn 
Nachaniaal  CaRtnaartM  OapartMnt 
WtUtaaH.  Rica  Inatttuu 
■a«  1M2 

Hauatan  1.  «uua  ^t) 


Prafaaaar  N.  Halt 

Dtvtatan  af  AarawutUal  S«t«Maa 


Uaivaralty  af  CalifamU 

•arhalay  4,  CaltfarnU  (t> 

Prafaaaar  H.  A.  Rtarankara 

Univaratty  af  CattfavnU 
•arhalay.  CaltlamU  (I) 

Prafaaaar  a.  I,  OpRtntaU 
OlvUUa  af  MaahanUal  iMlnaartiw 
Univaratty  of  CalifamU 
•aihalay  4.  CaltfarnU  (I) 

Br.  I.  A.  CalRSU 
RUUttaa  Ukaratary 
Itetvaratcy  af  CaltfarnU 
Itvamara,  CaltfarnU  (1) 

tlr.  R.  paat 
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Prafaaaar  C.  B.  Uhlanfeaek 
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Raw  Yark  21.  Raw  Yark  (1) 

Prafaeaar  A.  RiwtU 

Upattaant  af  Aaranautteal  Cnglnaarlna 

Univaratty  af  Michigan 

Ann  Arhar,  KUhtgan  (1) 

Prafaaaar  u.  c.  Ralaan 

OapartMnt  af  Aaranautteal  BnelMaring 

Univaratty  af  Nlehlgan 

Ann  Arhar,  Michigan  (1) 

Prafaacar  Kaava  M.  Stagal 

RaJUtian  Ubaraury 

Ika  Univaratty  af  Nlehtgan 

201  Ceihartna  Rtraat 

Ann  Arbor,  Michigan  (I) 

0  .  U>raaa  t.  R>rf«Bn 

Oirattar  af  S.-taaea  Sarvtea 

faculty  lackanga 

Univaratty  af  OkUtatM 

RntMcn.  Cktakaaa  (1) 

Of.  N.  A.  ttanOi 

PkyaUt  OtparcRant 

Univaratty  af  Ptttahucgh 
Ptttabvrgh,  PtnncylvanU  (1) 

Prafaaaar  T.  M.  Oannkua 
Univaratty  af  Ptttabuigk 
Pttiaavrgk,  PvnnfylvanU  (1) 

M.  J.  YkHgawn 
Dafanaa  Raaaarch  Ubamtary 
Univaratty  al  Iknaa 
P.  0.  tan  0029 

Auattn,  Yknaa  (1) 

Tka  library 

laatUuta  »f  AaiaphyaUt 

Univaratty  af  Ykranta 

Tkranu  S.  OncarU  <1) 

Prafaaaar  N.  A.  Oaak,  Blracur 
tnpartaanul  Raaaarch  Otwp 
Untvirctcy  aC  Utah 

MU  Uha  City,  UUh  (1) 

A.  R.  tuMtknw,  Otraewr 
■anaarck  UkatatarUa  far  tka 
tngUaartwg  OtUnaat 

Ikamaan  Mall 
Univaratty  af  VirglnU 
CknrUttaavlIU.  TtrgUU  (1> 

•aUaUMMit  UkiortM 

•aparSMMt  af  AaiannvtUnl  UglMarlM 

Utvaretty  at  RktfcUgtan 

Oaattla  9,  Mkaktngiaa  <1) 

Ptafaoaar  J.  •.  HtaaklalUr 

IkaaratlMl  Ckalitry  UUrniary 

Ulvaratty  af  wuaaatU 

Paol  OCflaa  iM  1112 

WofUia  >,  VUaaaaU  (1) 


Utajas  Unaul  OafgmtUn 
Atwt  T.  •toirtay,  UburUn 
•IM  R.  tivtaUU  immm 
MaM,  OiUfatafR  (1) 

tfllllRM  ■.  Mmanaa,  Im* 

•aw  URlyau  Ufuwwt 

UM  IMS  It  laiHBit  UaUvaH 

II  la^U.  Oaltfawte  <)) 


AMfUaa  Mahcw  aM  Pa«Wfy  9mm 
*mi  itotkaaua  Uaaawh  BagarUMi 
29«t  R.  liuiMa  Avanw 
ftlaa,  tlllaau  <1) 


AuatttlUn  Jaapaki  Raaaarch 
lauhlUUmt 

c/a  DafaMa  Raaaarch  anU  Davalapaant 

AuacratUn  Jalnt  Sarvtea  Staff 
P.O.  lac  4032 

Waaht>v|tan  0,  0.  C.  (I) 

Dr.  I.  e.  Lin 

AVOO'lvaratt  ';aaaarch  Ukaratary 

2M}  Ravara  Baach  Parkwy 

tvaratt  49,  NMaachuaatte  (1) 

AVOO*Cvaratt  Racaarch  Uberetory 

Attns  library 

IMS  Ravara  Baach  FcrlMny 

Ivarait  49,  Nnauchutaiu  (I) 

Mr.  W.  r.  HMtltan  (M.S.  lS-34) 

Chtaf  af  Plight  Tbchnelngy 

Tka  Baaing  Coagany 

Aarwiyaca  Dlvtelan 
P.O.  IM  3702 

Raattla  14,  Uaahtngion  (1) 

fbchnlcal  tnfoiaecian  C  ntar 
Chanea  Vaught  Caryarattan 
P.O.  Baa  S902 

OalUa  22,  tkua  (!) 

Or.  A.  I.  S,  Oraan 
Chtaf  af  Phyetea 
CaMtal  DynMiea«Canvalr 
Nall  Um  6-122 

Ian  Otaga  12,  CalifamU  (1) 

H.A.  liirk,  C-2S 

Dauglaa  Alreraft  Caayany,  Inc. 

>000  Oeaan  Park  laulavarO 
UnuM'nlca,  CalifamU  (1) 

PatrehilC  Engtna  anJ  Aircraft  Caayany 
Outdad  Nlaallec  Olviaian 
Uycbdanch,  Ung  Icland,  Raw  York  (M 

Or.  J.  s.  laanbarg 
Ttchnieal  Olractar 
Plight  Sclancac  Ubaraury,  Inc. 

19ns  Sharldan  Orlvc 

Ouffala  23,  Raw  York  (1) 

Or.  W.  Plu 
CaMral  Aimc 
P.O.  kaa  600 

San  Dlage  12,  Cailfamia 

Or,  Uwrcnca  I.  CUean,  Hanaiar 
NSVb  Library 

Cawral  Rlaetrle  Cowany  WVO 

3190  Chaatnut  Straat 

PhtladalyhU  1,  PannaylvanU  (1) 

Dr.  H.  Uw 

Caural  Rlaetrle  Cenyany 
)2S0  0  Straat 

PhtladalyhU  24,  PannaylvanU  (I) 

Dr.  Rayaaatau 

Oanaral  Rlaetrle  Ceayany 
Raaaarch  Ubaraury 
P.O.  Ran  1000 

Sehanaeudy,  Raw  Yarh  (I) 

Or.  Danald  R.  Whita 
Oanaral  llactrlr  CtnycBy 
Raiaarch  Ubaraury 
P.O.  iM  10*0 

Sehanactady,  Raw  Yarh  (1) 

Or.  Alpha? 

COMral  llactric  Caagany 
Racaareh  Uhnratory 
P.O.  Raa  1900 

Sehanactady,  Raw  Yarh  (1) 

Or.  0.  vahMr 
Oanaral  Nllla,  Inc. 

ElactranUa  Oravy 

2003  I.  Rannayin  Avanua 

Mlnnaayalta  13,  Hlmtawta  (1) 

0  .  Rabart  R.  Ullyar,  Jr. 

Raaaarch  Ubaraurtaa 
OaMral  Ratara  Caryarattan 
12  NIU  and  lUind  lasd 
warran,  RUhlgan  (1) 

Bngtnaartng  library 

Onawn  Alrtraft  Inglnaartng  Cary. 

Bathynga,  Un|  taUnd,  Raw  Yarh  (1) 

Nr.  B.  0.  MrrUrt 
RHghaa  Aircraft  Ca^any 
Buildup  •Ahll  RutUn  AlOM 
Cvlrar  City,  UllfarnU  (1) 

Nr.  Pkillly  RUdnharg 
Mydranawtlaa,  Inc. 

IM  Hanrai  Rcrrat 

Brakvllla,  NaryUnd  (I) 

Nr.  NaraUll  P.  Tulin 
%dr«nyviUa,  Uc. 

IW  Naaraa  Straat 

laabvtlla,  UryUnd  (1) 

Br.  I,  Oahn 
W  BaaaRnh  Cannr 
P.O.  BaR  IIB 

TailiwaM  Iblikw,  Bad  Talk  (U 

Nt.  ImbM  Inll 
CkUf  teUalUl 

Udkhayi  NUvIUd  dni  lyRM  9m9tf 
9,0.  Bat  MB 

BaRijiala,  BnlSIdnU  (1) 


iMtMdrUB  Ubrary 
11919  iRIlady 

TBR  NWir  CaltfarnU  (D 


Hr.  L.  C.  Caoyar 
Tha  Nartln  Caayany 
OAtAC,  Raaaarch  Ubrarv.  A-S2 
P.O.  Un  179 

Danvar  I,  Calarado  (:) 

Or.  S.  L.  Uvy,  Olractar 
Midwtat  Raaaarch  inatltuta 
Phyatea  and  NathaaatUa  Oivtatan 
A2S  Valkar  Baulavard 


Kanaaa  City  10,  NUwurl 

0) 

Midwtat  Raeaarch  Inetitutv 

Attni  Library 

42S  Valkar  Boultvcrd 

Ranaac  City  10,  MUuuri 

(i) 

Dr.  R.  c.  Puaaan 

RatUMl  Phyaleal  Uhoratary 
laddltMUo,  NlddUaai,  England 

(0 

Nr.  K.  OrUh-kUekaraann 

Naad,  UMiaady  Aaradynaatci 

RatlaMl  AaraMuttcal  Eauhllakaant 

RatlaMl  kataarch  Council 

Ottawa  2,  CaMda 

(1) 

Or.  I,  R.  van  Drtaet 
Rarth  AMtlcan  AvUilan,  Inc. 

Spaea  and  Infarnatlon  Syataaa  DtvUien 

I221A  UhtWDud  Roulavard 

Dawnay,  CaltfarnU  (1) 

Rorchroy  Corporal  tan 
Raralr  Oivtatan 
Attn:  Tbehnlcal  tnforaattan 
1001  t.  IrMdway 

Hawthama,  Calilemta  (1) 

Ram  daeldrtdga  CaryaraiUn 
A  Dlvtalon  af  Yhanyaan  Rasa  Waoldrtdga 
tncaryeraclan 

Attn:  lachnlcal  Inferwtlan  rvteaa 
0433  yallhraah  Avanua 
Canaga  Parh,  CaltfarnU 

Nr.  R.  dttIUM 
Rand  Caryaratlon 
1700  Mitn  Straat 

Santa  Nanlca,  CaltfarnU  (I) 

Dr,  R.  W.  Parn',  Chlaf 
Rr-Entry  SUnilatUn  Ubaratary 
Ayyltad  Raaaarch  A  Oavalayarnt 
Rayuhllc  AvUtUn  Caryarattan 
Pamingdala,  Raw  Yarh  (1) 

Royubltc  AvUtlan  Caryaratfan 
Attn:  Rr.  r,  A.  SlUavUh 

Syaca  Syataaa  and  Raaaarch 
Paralngdala,  Ung  laUnd,  Haw  Varh(l) 

Dr,  L,  r,  Crahtraa 

Nintatry  af  AvUtUn 

Rayal  Aircraft  EaublUMwni 

Aaradynaatci  Dayartrani 

Pambarough,  Nanta,  England  (I) 

Or.  J.  0.  Shrtva,  Jr.  S112 
SandU  Caryarattan 

SandU  Baaa 

Alhwguargve,  Raw  NaaUa  (I) 

Mr.  C.  C.  Hwdun 
Sandia  Cnryaracion 

SandU  Baaa 

Albuguargja,  Raw  RrnUa  (I) 

Mr.  R.  t.  Claaaaan,  Olractar 
Phyaleal  R  aaareh 
SandU  Caryarattan 

SandU  Raet 

Albuguargua,  Raw  HanUo  (1) 

Or.  N.  e.  Uw 

Nawyar,  Oaa  OynaaUa 

lynca  Scltncat  Ubaraury 

Synca  YPchnalogy  Cantar 

Ring  of  PruaaU,  PannaylvanU  (I) 

Or.  A.  Rlttar 

Thar*  Advanetd  Raaaarch 

Ikarv,  Inearyaratad 

Ithnca,  Raw  Yarh  (t) 

Unltad  Aircraft  CaryaratUr' 

Raaaarch  UbaraUrtaa 
400  Nain  Itcaat 

laat  NartfaN  0,  Cannacileui  (1) 

Or.  Danald  I.  Bavanyart,  Blracur 
Paaltar  UharatarUa 
lunfard  Raaaarch  iMtttuta 
Itonla  yarh,  CaltfarnU  (I) 

Or.  Owvall 

Stanfard  Raaaarch  laatttuu 

Pawltat  Ubaraurtaa 

Nanlo  Nrk,  CalifamU  (|> 

Ntthna,  Inearyaratad 
MO  PutMM  Avaawa 
CgMkrtdBi  M,  Ntaarahwaatta 

Attni  Br.  B,  I.  MU  (1) 

AVOB  Baaaank  4  Advanaad  BdvalafMmt  Olv. 
IBl  UmoII  Btraat 
VllatfiBtan,  Naadatkadatu 
Attai  ChUf  df  RduijadMlii 


